Photocarcinogenesis and photoaging are established consequences of chronic exposure of human skin to solar irradiation. Accumulating evidence supports a causative involvement of UVA irradiation in skin photodamage. UVA photodamage has been attributed to photosensitization by endogenous skin chromophores leading to the formation of reactive oxygen species and organic free radicals as key mediators of cellular photooxidative stress. In this study, 3-hydroxypyridinederivatives contained in human skin have been identified as a novel class of potential endogenous photosensitizers. A structure activity relationship study of skin cell photosensitization by endogenous pyridinium derivatives (pyridinoline, desmosine, pyridoxine, pyridoxamine, pyridoxal, pyridoxal-5'-phosphate) and various synthetic hydroxypyridine isomers identified 3-hydroxypyridine and N-alkyl-3-hydroxypyridinium cation as minimum phototoxic chromophores sufficient to effect skin cell sensitization towards UVB and UVA, respectively. Photosensitization of cultured human skin keratinocytes (HaCaT) and fibroblasts (CF3) by endogenous and synthetic 3-hydroxypyridine-derivatives led to a dose dependent inhibition of proliferation, cell cycle arrest in G 2 /M, and induction of apoptosis, all of which were reversible by thiol antioxidant intervention. Enhancement of UVA-induced intracellular peroxide formation and p38 MAPkinase-dependent stress signaling suggest a photooxidative mechanism of skin cell photosensitization by 3-hydroxypyridine derivatives. 3-Hydroxypyridine derivatives were potent photosensitizers of macromolecular damage, effecting protein (RNAse A) photo-crosslinking and peptide (melittin) photooxidation with incorporation of molecular oxygen. Based on these results, we conclude that 3-hydroxypyridine-derivatives comprising a wide range of skin biomolecules, such as enzymatic collagen crosslinks, B 6 vitamers, and likely by guest on November 6, 2017 http://www.jbc.org/ Downloaded from 4 advanced glycation endproducts in chronologically aged skin constitute a novel class of UVAphotosensitizers, capable of skin photooxidative damage.
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Summary
Photocarcinogenesis and photoaging are established consequences of chronic exposure of human skin to solar irradiation. Accumulating evidence supports a causative involvement of UVA irradiation in skin photodamage. UVA photodamage has been attributed to photosensitization by endogenous skin chromophores leading to the formation of reactive oxygen species and organic free radicals as key mediators of cellular photooxidative stress. In this study, 3-hydroxypyridinederivatives contained in human skin have been identified as a novel class of potential endogenous photosensitizers. A structure activity relationship study of skin cell photosensitization by endogenous pyridinium derivatives (pyridinoline, desmosine, pyridoxine, pyridoxamine, pyridoxal, pyridoxal-5'-phosphate) and various synthetic hydroxypyridine isomers identified 3-hydroxypyridine and N-alkyl-3-hydroxypyridinium cation as minimum phototoxic chromophores sufficient to effect skin cell sensitization towards UVB and UVA, respectively. Photosensitization of cultured human skin keratinocytes (HaCaT) and fibroblasts (CF3) by endogenous and synthetic 3-hydroxypyridine-derivatives led to a dose dependent inhibition of proliferation, cell cycle arrest in G 2 /M, and induction of apoptosis, all of which were reversible by thiol antioxidant intervention. Enhancement of UVA-induced intracellular peroxide formation and p38 MAPkinase-dependent stress signaling suggest a photooxidative
INTRODUCTION
Most of the solar ultraviolet (UV) energy incident on human skin is in the deeply penetrating UVA region (> 95% from 320 to 400 nm). Increasing experimental evidence supports a causative involvement of UVA irradiation in photoaging and carcinogenesis of human skin by photooxidative mechanisms (1) (2) (3) (4) (5) . In contrast to the formation of mutagenic pyrimidine-base photoproducts through direct absorption of UVB (290 -320 nm) radiation by skin cell DNA (6), UVA radiation results in little photoexcitation of DNA directly, and generation of reactive oxygen species (ROS) and organic free radicals is a widely accepted mechanism of UVAphototoxicity (reviewed in (7)). The formation of ROS as mediators of photooxidative stress in UV-irradiated skin seems to be dependent on non-DNA chromophores acting as endogenous photosensitizers (2, 3, 8) . Photosensitization occurs as a consequence of initial formation of excited states of chromophores and their subsequent interaction with substrate molecules (type I photoreaction) or molecular oxygen (type II photoreaction) through energy and/or electron transfer (9) . Various chromophores contained in human skin, such as urocanic acid (10) , riboflavin (11) , melanin precursors (12) , and advanced glycation endproducts (13, 14) have been proposed as endogenous UV-sensitizers of photooxidative stress, but molecular identity and mechanism of action of relevant endogenous skin photosensitizers remain elusive (3, 15, 16 (17)) using a LCQ Classic quadrupole ion trap mass spectrometer from Thermo Finnigan (San Jose, CA).
Preparation of a covalent bovine serum albumin-vitamin B 6 conjugate (pyridoxylated BSA, BSA-B 6 ). BSA-B6 was synthesized by reductive coupling of pyridoxal with protein lysineresidues based on NaCNBH 3 reduction of the initially formed Schiff base as described earlier (19) either an atmospheric attenuation filter (output 290-400 nm plus residual 650-800 nm, for solar simulated light) or UVB and C blocking filter (output 320-400 nm plus residual 650-800 nm, for UVA), respectively. The output was quantified using a dosimeter from International Light Inc. Research, Oklahoma City, USA) were routinely cultured in DMEM containing 10% fetal bovine serum and kept in a humidified atmosphere containing 5% CO 2 at 37°C (17) .
Assay for photosensitized suppression of skin cell proliferation. Cells were seeded at 5 x 10 4 cells per dish on 35mm dishes. After 24 h, cells were washed, placed in Hanks' balanced salt solution (HBSS), and exposed to the combined or isolated action of photodynamic test compound and irradiation (UVA or SSL). Following 30 min incubation after irradiation, the exposure medium was removed and replaced with fresh culture medium. Cell number was determined 72 hr later, and proliferation was compared to cells that received mock-irradiation in
HBSS.
Quantification of H 2 O 2 formation H 2 O 2 formed upon photosensitization was quantified according to a standard procedure using the ferrous iron-xylenol orange assay as reported previously (13) .
Detection of intracellular oxidative stress by flow cytometric analysis. Intracellular levels of peroxides were analyzed by flow cytometry using dihydrorhodamine 123 (DHR 123) as a 8 specific fluorescent dye probe (17, 20, 21 Spectra were recorded in positive ion mode in linear configuration using a-cyano-4-hydroxycinnamic acid as matrix.
Statistical analysis.
The results are presented as means (+ SD) of at least three independent experiments. They were analyzed using the two-sided Student's t test (*p< 0.05; **p< 0.01; ***p< 0.001).
RESULTS
UVA-photosensitized inhibition of skin cell proliferation by the pyridinium compounds pyridinoline, pyridoxine and other B 6 vitamers, but not desmosine. In a recent study on the phototoxicity of dermal ECM-proteins and their potential role in sensitized skin photodamage, we identified the collagen-derived pyridinium-crosslink pyridinoline (PYD, see A suppression of cell proliferation by almost 45% was observed, when un-irradiated cells were 11 exposed to 6 µM H 2 O 2 , an amount equal to the concentration formed upon UVA irradiation of 500 µM pyridinoline, as quantified in Fig. 2B . Consistent with photosensitized formation of H 2 O 2 as the mechanism of inhibition of proliferation by UV-irradiated pyridinoline, complete suppression of photosensitization was achieved when the antioxidants catalase or Dpenicillamine were added before irradiation, whereas no protection was achieved using the singlet oxygen quencher sodium azide. No photosensitization of ROS formation or inhibition of skin cell proliferation was observed when cells were irradiated in the presence of desmosine.
Next, we tested pyridoxine (PN, see Fig.1 ), another endogenous hydroxypyridine-derivative and structural homologue of pyridinoline (23), for photosensitization of H 2 O 2 production and inhibition of skin cell proliferation. Pyridoxine was an equally effective sensitizer of UVAdriven H 2 O 2 formation as pyridinoline (Fig. 2 B) , but sensitized suppression of fibroblast proliferation exceeded the effect of H 2 O 2 formed during irradiation (Fig. 2 B) . In contrast to pyridinoline sensitization, catalase treatment only weakly reversed pyridoxine sensitization, which suggests a mechanism of pyridoxine-phototoxicity operating in addition to sensitization of H 2 O 2 formation. Among various antioxidants including superoxide dismutase, mannitol, and deferoxamine mesylate (data not shown), only penicillamine treatment effectively antagonized pyridoxine-photosensitization (Fig. 2 A) . 1 O 2 -involvement in pyridoxine-photosensitization was excluded based on the observation that the presence of the singlet oxygen quenchers NaN 3 and DABCO (data not shown) during irradiation was not protective, and irradiation in deuterated PBS did not enhance photosensitization (data not shown). From these initial observations we conclude that the hydroxypyridine-derivatives pyridinoline and pyridoxine are UVAphotosensitizers of light driven ROS formation and that inhibition of skin cell proliferation in the case of pyridoxine depends only partially on ROS formation.
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To examine the relative phototoxicity of hydroxypyridine-derivatives, a comparative dose response for the sensitized inhibition of proliferation by increasing doses of the pyridinederivatives pyridinoline, desmosine, and the B 6 vitamers pyridoxine, pyridoxamine, and pyridoxal (formulas given in Fig.1 ) was established as shown in Fig. 3 A. No dark toxicity was observed for up to 1 mM of any test compound (data not shown). UVA-phototoxicity increased in the order pyridinoline < pyridoxine < pyridoxamine < pyridoxal. At UVA dose of 3.3 Jcm In human skin, B 6 vitamers can occur in free 5'-phosphorylated or unphosphorylated form, and can also be bound covalently to protein (24) . As demonstrated in Fig. 3 fluorescence upon excitation at UVB and UVA I (320-340 nm) wavelengths due to broad excitation and emission maxima (lex/em 305/395 nm) very similar to its structural analogue pyridinoline (25, 26) . In contrast to the rapid photodegradation of pyridinoline observed with SSL or UVA irradiation described previously (17) , prolonged exposure to UVA induced only a minor degradation of NE-3HP (< 5%) as measured by fluorescence and UV spectroscopy (data not shown). To gain further insight into the mechanism of anti-proliferative action of 3-HP sensitization, cell cycle analyses were performed 24 h after photosensitization using the combined action of 100 µM 3-HP and SSL (2.3 J/cm 2 UVA, 120 mJ/cm 2 UVB) as shown in 
DISCUSSION
UVA-sensitization by endogenous chromophores is rapidly emerging as an important mechanism of skin cell photooxidative stress involved in skin photoaging and carcinogenesis.
Therefore, increasing research interest is focused on the elucidation of structure and function of 21 non-DNA chromophores contained in human skin that might enhance UVA phototoxicity acting as endogenous photosensitizers.
In this study, biogenic 3-hydroxypyridine-derivatives contained in human skin have been identified as a novel class of potential endogenous photosensitizers. Skin cell photosensitization by various endogenous hydroxypyridine-chromophores contained in human skin is demonstrated in Fig. 2 and 3 , and 3-HP and N-alkyl-3HP are identified as the minimum chromophores responsible for photosensitization towards SSL and UVA, respectively, as shown in Fig. 4 . [iii] a lack of enhancement of photosensitization in deuterated buffer, and the ineffectiveness of the singlet oxygen quenchers DABCO and NaN 3 to protect cells or suppress protein damage (27, 39) . Further evidence against involvement of singlet oxygen formation was based on the fact that pyridoxine and 3-HP are known singlet oxygen quenchers (37, 38) . Obviously, the presence of a phenolic 3-OH substituent is an essential structural requirement for sensitizer activity of all tested pyridine derivatives, since desmosine, devoid of any hydroxyl substituent, and 2-HP and 4-HP, which occur predominantly as the tautomeric pyridone structures in aqueous solutions at neutral pH (40) , display no photosensitizer activity. The phenolic character of 3-HP-derivatives may be of crucial importance for the observed sensitization effects, since it is well documented that upon photoexcitation phenolic substances release electrons into aqueous solutions by electron ejection with formation of phenoxyl-type organic free radicals from the excited triplet state, but conversely act as potent electron scavengers in the ground state (41) . Moreover, single electron transfer reactions leading to the formation of 3-hydroxypyridinium (42) and pyridoxine (43) free radicals have been reported previously, and free radical polymerization of synthetic N-23 substituted 3-oxypyridinium betaines can be initiated by UV-irradiation (44), consistent with a free radical mechanism of phototoxicity of biogenic 3-HP-derivatives observed in this study.
Obviously, the differences in mechanism and potency of photosensitization observed with various 3-HP derivatives are a consequence of substituent effects on hydroxypyridine photochemistry. The enhanced phototoxicity of pyridoxal as compared to the other B 6 -vitamers is consistent with the electron withdrawing effects of the carbaldehyde substituent and facilitated hydrogen transfer, known to occur in aromatic compounds with a hydroxyl group in ortho position to a carbonyl group (35). Likewise, the strong difference in photosensitization potency and mechanism between the similar fluorophores N-ethyl-3-HP and pyridinoline must be a consequence of pyridinium ring substitution by bulky, charged alkyl residues that might inhibit type I interaction with larger substrate molecules, but allow interaction with molecular oxygen leading to ROS formation. However, detailed photochemical studies employing laser flash photolysis and electron spin resonance techniques will be necessary to elucidate the excited state chemistry and free radical species involved in photosensitization by members of the 3-HP group of sensitizers. In addition, differential cellular uptake and metabolism likely will contribute to the remarkable differences with regard to phototoxicity and mechanism of sensitization observed with biogenic and synthetic 3-HP-derivatives, which must be elucidated in the future.
The identification of 3-HP as a potent phototoxic chromophore contained in various human skin molecules must be considered in light of increasing evidence for the involvement of endogenous photosensitizers as key mediators of UVA-induced skin photoaging and photocarcinogenesis (1, 3, 4) . In this study, photoactivation of physiologically relevant concentrations of 3-HP-derivatives occurred by irradiation with doses of UVA and SSL well below the minimal erythemal threshold (45), equivalent to a short exposure of fair human skin to 24 full spectrum solar UV-irradiation (7). Currently, the occurrence of 3-HP chromophores is established in three groups of ubiquitous tissue biomolecules: (i) the B 6 -vitamers pyridoxine, pyridoxamine, pyridoxal, and their respective phosphorylated derivatives and protein conjugates;
(ii) the ECM-protein-associated crosslinks pyridinoline and deoxypyridinoline; and (iii) various advanced glycation endproducts (AGEs) that accumulate on long-lived proteins as a result of chronic carbonyl stress during chronological aging (46) (47) (48) .
(i) Increased photosensitivity is a known consequence of B 6 -overdosing in humans (49) .
Phototoxicity of UV-irradiated pyridoxamine was reported as early as 1947 by Shwartzman and
Fisher (50) followed by other reports thereafter (36, 51) . B 6 -vitamers therefore are important as endogenous skin photosensitizers with relevance to human skin in vivo, since human skin contains various B 6 -vitamer forms in significant amounts (approximately 100 nmol per g protein (24)), with pyridoxal-5'-phosphate and pyridoxal being the predominant vitamers in vivo.
Pyridoxal was clearly the most phototoxic vitamer tested in our assays with pronounced apoptogenicity towards skin fibroblasts after photoactivation at only moderate doses of UVA. In contrast to earlier observations (35), pyridoxal-5'-phosphate was as potent as pyridoxal in photosensitizer-induced skin cell apoptosis, consistent with 3-HP being the minimum chromophore required for sensitizer activity. Our results on B 6 -vitamer phototoxicity also point towards a potential risk of photosensitization associated with the use of high doses of pyridoxamine currently in clinical development as a therapeutic intervention for the inhibition of glycation-associated diabetic complications and hyperlipidemia (52) . The phototoxic role of B 6 -vitamers in human skin as shown by our experiments strongly contrasts but does not contradict a protective role of pyridoxine against singlet oxygen damage observed in a phytotoxic fungus (38) .
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(ii) Skin collagen pyridinoline content is generally low (approximately 16 mmol per mol collagen (53, 54) ), but dramatically increases during conditions of wound healing, scar formation, and sclerotic disorganization as referenced in (17) . It is tempting to speculate that a significant increase in pyridinoline and deoxypyridinoline content in skin collagen characteristic of scar tissue and sclerotic skin diseases introduces an endogenous UVA-sensitizer that may contribute to the known predisposition of scar tissue towards photocarcinogenesis (55), a hypothesis to be explored in the future.
(iii) AGEs, crosslink chromophores formed by non-enzymatic amino-carbonyl reactions between sugars and protein-bound amino-groups (glycation), accumulate on skin ECM-proteins during conditions of increased carbonyl stress, such as actinic (56) and chronological aging and diabetes (57) . The phototoxic activity of AGEs extracted from skin collagen and lens crystallin is well documented (13, 58) , and photosensitization of skin cell photooxidative stress results from UVA-irradiation of AGEs (14, 59) . Increasing experimental evidence indicates that 3-HP epitopes are formed during tissue glycation. N-alkyl-3HP derivatives are formed during glycation and lipid peroxidation under physiological conditions (60) . Importantly, AGEfluorophores of the N-alkyl-3HP-type have been isolated in significant amounts from human tissue, such as glycolaldehyde-pyridine from human atherosclerotic lesions (47) . Moreover, lyshydroxy-triosidines, another protein crosslink of the N-alkyl-3-HP-type was isolated from human cornea collagen exposed to the artificial tanning agent dihydroxyacetone (48) and is therefore expected to form in appreciable amounts in human skin exposed to this compound. The phototoxicity of 3-HP-derivatives as described in this study therefore raises the possibility that chemical tanning of human skin places a suspected photosensitizer in direct proximity to sensitive targets and adds to the increasing health concerns associated with the cosmetic use of 26 dihydroxyacetone preparations (61) . Experiments using isolated AGE-products of the 3-HP type will allow testing their phototoxicity and to validate a potential involvement in AGEphotosensitization of human skin cells (14) .
Future research will explore a functional involvement of the diverse members of the 3-HP group of endogenous photosensitizers in photodamage and carcinogenesis of UVA-irradiated human skin. 
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